We demonstrate how the interplay of a future e + e − LC at its first stage with √ s < ∼ 500 GeV and of the LHC could lead to a precise determination of the fundamental SUSY parameters in the gaugino/higgsino sector without assuming a specific supersymmetry breaking scheme. We demonstrate this for the benchmark scenario SPS1a, taking into account realistic errors for the masses and cross sections measured at the LC with polarised beams, including errors coming from polarisation measurements, and mass measurements at the LHC. The results clearly demonstrate the complementarity of the LHC and LC, and the benefit from the joint analyses of their data.
Introduction
Supersymmetry (SUSY) is one of the best motivated extensions of the Standard Model (SM). However, since SUSY has to be broken even the minimal version, the unconstrained MSSM, has 105 new parameters. SUSY analyses at future experiments, at the LHC and at a future Linear Collider (LC), will have to focus on the determination of these parameters in as model-independent a way as possible [1] .
With so many new parameters clear strategies will be needed in analysing the experimental data [2] . An interesting possibility to resolve the new physics is to start with the gaugino/higgsino particles which are expected to be among the lightest SUSY particles. At tree level, this sector depends only on 4 parameters: M 1 , M 2 , µ and tan β -the U(1) and SU(2) gaugino masses, the higgsino mass parameter and the ratio of the vacuum expectations of the two Higgs fields, respectively.
Some strategies have been worked out for the determination at the tree level the parameters M 2 , M 1 , µ, tan β even if only the light gaugino/higgsino particles,χ 0 1 ,χ 0 2 and χ ± 1 were kinematically accessible at the first stage of the LC [3] . In this report we demonstrate how such an LC analysis could be strengthened if in addition some information on the mass of the heaviest neutralino the LHC is available. We consider three scenarios: (i) stand alone LC data, (ii) when the LC data are supplemented by the heavy neutralino mass estimated from the LHC data, and (iii) joint analysis of the LC and LHC data. The results in the last scenario will clearly demonstrate the essentiality of the LHC and LC and the benefit from the joint analysis of their data.
In order to work out this hand-in-hand LHC+LC analysis for determining the treelevel SUSY parameters, we assume that only the first phase of a LC with a tunable energy up to √ s = 500 GeV would overlap with the LHC running. Furthermore, we assume an integrated luminosity of L ∼ 500 fb −1 and polarised beams with P (e − ) = ±80%, P (e + ) = ±60%. In the following σ L will refer to cross sections obtained with P (e − ) = −80%, P (e + ) = +60%, and σ R with P (e − ) = +80%, P (e + ) = −60%. We restrict ourselves to the CP conserving chargino/neutralino sector and take the SPS1a as a working benchmark [4] ; the inclusion of CP violating phases will be considered elsewhere.
Before presenting our results on the parameter determination, we first briefly recapitulate the main features of chargino and neutralino sectors and sketch our strategy.
The gaugino/higgsino sector

Chargino sector
The mass matrix of the charged gauginoW ± and higgsinoH ± is given by
As a consequence of possible field redefinitions, the parameter M 2 can be chosen real and positive. The two charginosχ
The coefficients a kl , (k = 0, 2, 4, 6, l = 1, 2, 3), being invariants of the matrix M N M T N , can be expressed as functions of M 2 , µ and tan β. Their explicit form is given in the Appendix.
The e + e − →χ 0 iχ 0 j production processes occur via the s-channel Z 0 and the t-and uchannelẽ L andẽ R exchanges. Since the neutralino mixing matrix N is parameterised in general by 6 angles, the analytic expressions for the production cross sections are more involved. Their explicit form can be found in [3] .
As one can see from eq. (7) for each neutralino mass mχ0 i one gets two solutions for M 1 . In principle, a measurement of two neutralino masses and/or the cross section resolves this ambiguity. However, one has to remember that the mass eigenvalues show different sensitivity to the parameter M 1 , depending on their gaugino/higgsino composition. In our scenario, the mass of the lightest neutralino mχ0 1 depends strongly on M 1 if M 1 is in the range −183 GeV< M 1 < 180 GeV, while the others are roughly insensitive, see Fig. 1 . For larger and larger |M 1 |, the heavier neutralinos become more sensitive to M 1 [7] . 
The strategy
At the initial phase of future e + e − linear-collider operations with polarised beams, the collision energy may only be sufficient to reach the production thresholds of the light charginoχ . From the analysis of this restricted system, nevertheless the entire tree level structure of the gaugino/higgsino sector can be unraveled in analytical form in CP-invariant theories as follows [3, 6] .
It is clear from eq.(4) that by analysing theχ + 1χ − 1 production cross sections with polarised beams, σ ± L {11} and σ ± R {11}, the chargino mixing angles cos 2Φ L and cos 2Φ R can be determined [6] . Any two contours, σ ± L {11} and σ ± R {11} for example, will cross at least at one point in the plane between −1 ≤ cos 2Φ L , cos 2Φ R ≤ +1, if the chargino and sneutrino masses are known and the SUSY Yukawa coupling is identified with the gauge coupling. However, the contours, being of second order, may cross up to four times. The ambiguity can be resolved by measuring the transverse 2 cross section σ
In the CP conserving case studied in this paper the SUSY parameters M 2 , µ and tan β can be determined from the chargino mass mχ± 1 and mixing angles cos 2Φ L , cos 2Φ R [6] . It is convenient to define
Since the cos 2Φ L and cos 2Φ R are derived fromχ + 1χ − 1 cross sections, the relative sign of sin 2Φ L , sin 2Φ R is not determined and both possibilities in eqn. (11), (12) have to be considered. From p, q, the SUSY parameters are determined as follows (r 2 = m
where η = 1 for cos 2Φ R > cos 2Φ L , and η = −1 otherwise. The parameters M 2 , µ are uniquely fixed if tan β is chosen properly. Since tan β is invariant under simultaneous change of the signs of p, q, the definition M 2 > 0 can be exploited to remove this overall sign ambiguity. The remaining parameter M 1 can be obtained from the neutralino data [3] . The characteristic equation for the neutralino mass eigenvalues eq. (7) In practice the above procedure may be much more involved due to finite experimental errors of mass and cross section measurements, uncertainties from sneutrino and selectron masses which enter the cross section expressions, errors on beam polarisation measurement, etc. In addition, depending on the benchmark scenario, some physical quantities in the light chargino/neutralino system may turn to be essentially insensitive to some parameters. For example, as seen in fig. 1 , the first two neutralino masses are insensitive to M 1 if M 1 ≫ M 2 , µ. Additional information from the LHC on heavy states, if available, can therefore be of great value in constraining the SUSY parameters.
Our strategy can be applied only at the tree level. Radiative corrections, which in the electroweak sector can be O(10%), inevitably bring all SUSY parameters together [9] . 2 The measurement of the transverse cross section involves the azimuthal production angle Φ of the charginos. At very high energies their angle coincides with the azimuthal angle of the chargino decay products. With decreasing energy, however, the angles differ and the measurement of the transverse cross section is diluted. 3 The lightest neutralino-pair production cannot be observed. Alternatively, one can try to exploit photon tagging in the reaction e + e − → γχ
Nevertheless, tree level analyses should provide in a relatively model-independent way good estimates of SUSY parameters, which can be further refined by including iteratively radiative corrections in an overall fit to experimental data.
SUSY parameters from the LC data
Experimental input at the LC
In this paper we adopt the SPS1a scenario defined at the electroweak scale [4] . The relevant SUSY parameters are
The resulting chargino and neutralino masses, together with the slepton masses of the first generation, are given in table 1. decay dominantly intoτ producing the signal similar to that of stau pair production, theτ mass and mixing angle are also important for the study of chargino and neutralino sectors. The mass and mixing angle can be determined as mτ 1 = 133.2 ± 0.30 GeV and cos 2θ τ = −0.84 ± 0.04, and the production cross section ranges from 43 fb to 138 fb depending on the beam polarisation, see [10, 11] for details of the stau parameter measurements. We assume that the contamination of stau production events can be subtracted from the chargino and neutralino production. Below we included the statistical error to our analysis but we did not include the systematic errors.
Chargino Sector
As observables we use the light chargino mass and polarised cross sections σ ± L {11} and σ ± R {11} at √ s = 500 GeV and √ s = 400 GeV. The light charginosχ ± 1 decay almost exclusively toτ ± 1 ν τ followed byτ
The signature for theχ ± 1χ ∓ 1 production would be two tau jets in opposite hemispheres plus missing energy.
The experimental errors that we assume and take into account are:
• The measurement of the chargino mass has been simulated and the expected error is 0.55 GeV, table 1.
• With L = 500 fb −1 at the LC, we assume 100 fb −1 per each polarisation configuration and we take into account 1σ statistical error. for each polarisation configuration.
• Since the chargino production is sensitive to mν e , we include its experimental error of 0.7 GeV.
• The measurement of the beam polarisation with an uncertainty of ∆P (e ± )/P (e ± ) = 0.5% is assumed. This error is conservative; discussions to reach errors smaller than 0.25% are underway [13] .
The errors on production cross sections induced by the above uncertainties, as well as the total errors (obtained by adding individual errors in quadrature), are listed in table 2. We assume 100% efficiency for the chargino cross sections due to a lack of realistic simulations. Now we can exploit the eq. 
Although cos 2Φ L , cos 2Φ R are determined rather precisely at a few per-cent accuracy, an attempt to exploit eqns. (13)- (15) shows that M 2 is reconstructed within 10 GeV, µ within 40 GeV, and essentially no limit on tan β is obtained (we get tan β > 6). The main reason for this result is a relatively large error of the light chargino mass measurement due to theχ
Several methods exploiting other sectors of the MSSM have been proposed to measure tan β in the high tan β regime [10, 14] . In the following we will exploit the neutralino sector (with eqns. (17), (18) as the allowed ranges for the chargino mixing angles) to improve constraints on M 2 , µ and tan β, and to determine M 1 .
Neutralino Sector
As observables we use the two light neutralino masses and polarised cross sections σ 2 ) based the experimental simulation presented in [12] . This simulation was performed at √ s = 500 GeV for unpolarised beams yielding an efficiency of 25%. We extrapolate the statistical errors at different √ s and different polarisations as δσ/σ = √ S + B/S where we calculate the number of signal (S) and background (B) events from the cross sections and the integrated luminosity (100 fb −1 ) assuming the same efficiency as achieved for the unpolarised case. Since the cross sections for the SUSY background processes are also known only with some uncertainty, we account for this uncertainty in the background subtraction by adding an additional systematic error (δσ bg ). 2 channel, we assume that this final state can be reconstructed with an efficiency of 15% with negligible background. This is justified since no major SUSY background is expected for the 4-τ final state, BR(ν τ → τ + τ
−χ0
1 ) 2 is only 0.5%. SM backgrounds arise mainly from Z pair production and are small.
For both processes we account in addition for polarisation uncertainties and uncertainties in the cross section predictions from the errors on the chargino and selectron Table 4 :
2 ) with polarised beams P (e − ) = ∓80%, P (e + ) = ±60% at √ s = 400 and 500 GeV, and assumed errors (in fb) corresponding to 100 fb
for each polarisation configuration.
masses. Note that we implicitly assume that the branching ratioχ
1 is known, which is a simplifaction. A full analysis will have to take into account the parameter dependence of this branching ratio in addition, since it cannot be measured directly.
The neutralino cross sections depend on M 1 , M 2 , µ, tan β and slepton masses. We prefer to express M 2 , µ, tan β in terms of mχ± 1 and the mixing angles cos 2Φ L , cos 2Φ R . Then we consider neutralino cross sections as functions of unknown M 1 , cos 2Φ L , cos 2Φ R with uncertainties due to statistics and experimental errors on beam polarisations, mχ± 1 , mẽ L and mẽ R included (in quadrature) in the total error, see table 3 and table 4 .
Results
We perform a ∆χ 2 test defined as
The sum over physical observables O i includes mχ0 1 , mχ0 2 and neutralino production cross sections σ 0 L,R {12}, σ 0 L,R {22} measured at both energies of 400 and 500 GeV. The ∆χ 2 is a function of unknown M 1 , cos 2Φ L , cos 2Φ R with cos 2Φ L , cos 2Φ R restricted to the ranges given in eqns. (17),(18) as predetermined from the chargino sector.Ō i stands for the physical observables taken at the input values of all parameters, and δO i are the corresponding errors. In fig. 3 the contour of ∆χ 2 = 1 is shown in the M 1 , cos 2Φ L , cos 2Φ R parameter space along with its three 2dim projections. The projection of the contours onto the axes determines 1σ errors for each parameter.
Values obtained for M 1 , cos 2Φ L , cos 2Φ R together with mχ± 1 can be inverted to derive the fundamental parameters M 2 , µ and tan β. At the same time masses of heavy chargino and neutralinos are predicted. As can be seen in table 5, the parameters M 1 and M 2 are determined at the level of a few per-mil, while µ is reconstructed within a few per-cent. Since the derived limits on tan β are asymmetric, we show the interval consistent with The errors on the predicted masses of the heavy chargino/neutralinos, which in our SPS1a scenario are predominantly higgsinos, are strongly correlated with the error of µ; the left panel of fig. 4 shows the correlation between µ and mχ0
4
. In the right panel of this figure a weaker correlation is observed between tan β and mχ0
(or between tan β and µ). Therefore, by providing mχ0 4 from endpoint measurements [15] , the LHC could considerably help to get a better accuracy on µ. At the same time a better determination of tan β can be expected. The LHC experiments will be able to measure the masses of several sparticles, as described in detail in [15] . In particular, the LHC will provide a first measurement of the masses ofχ 
Joint analysis of the LC and LHC data
From the consideration of eq. (21), one can see that the uncertainty on the LHC measurement of mχ0 From the results of the ∆χ 2 test one can calculate the improvement in accuracy for the derived parameters by imposing the new mass constraints. The final results are shown in table 7. The accuracy for the parameters µ and particularly tan β is much better, as could be expected from fig. 4 , where the allowed range of µ and tan β from the LC analysis is considerably reduced once the measured mass mχ0 precise determination of the fundamental SUSY parameters without assuming a specific supersymmetry breaking scheme.
Measuring with high precision the masses of the expected lightest SUSY particlesχ 0 1 , χ 0 2 ,χ ± 1 and their cross sections at the LC, and taking into account simulated mass measurement errors and corresponding uncertainties for the theoretical predictions, we could determine the fundamental SUSY parameters M 1 , M 2 , µ at tree level within a few percent, while tan β is estimated within ∼ 20 %. The masses of heavier chargino and neutralinos can also be predicted at a level of a few percent. The use of polarised beams at the LC is decisive for deriving unique solutions.
If the LC analysis is supplemented with the LHC measurement of the heavy neutralino mass, the errors on µ and tan β can be improved. However, the best results are obtained when first the LSP and slepton masses from the LC are fed to the LHC analyses to get a precise experimental determination of theχ 0 2 andχ 0 4 masses, which in turn are injected back to the analysis of the chargino/neutralino LC data. Such a combined strategy will provide in particular the precise measurement of theχ 0 4 mass, the parameters µ with an accuracy at the ≤ O(1%) level, and the error for tan β of the order of ≤ 10%, reaching a stage where radiative corrections become relevant in the electroweak sector and which will have to be taken into account in future fits [9] . where C = qχ E 3
